Abstract. Measurements of spectral ultraviolet-B irradiance under optically thick clouds show strongly enhanced attenuation by molecular and particulate absorbers. The atmospheric photon path is enhanced owing to the presence of a highly scattering medium, leading to an amplification of absorption by tropospheric ozone and aerosol. Calculations with discrete ordinate and Monte Carlo models show that photon paths in realistic water clouds may be enhanced by factors of 10 and more compared to cloudless sky. Model calculations further show that UV spectra measured under thick clouds can be well simulated within 10%, indicating that the involved processes are quantitatively described by current models. These findings are of important consequence for all ground-based remote sensing applications which take advantage of measuring scattered 'radiation in order to infer atmospheric trace gas abundances. These algorithms, for example, the calculation of total ozone from global irradiance or zenith sky radiance, are subject to large errors, when neglecting the influence of cloud scattering on the derived data. In the present study, errors of more than 300 Dobson Units (DU) have been found, if such methods were applied without care in the presence of thick clouds.
Here we investigate this phenomenon in the ultraviolet range of the solar spectrum, with special emphasis on (1) the consequences for the remote sensing of atmospheric parameters using measurements of scattered radiation at the Earth's surface and (2) the implications for.our understanding of ultraviolet radiative transfer in clouds. Experimental observations under thunderstorm clouds give evidence for highly enhanced absorption in the presence of scattering media. This observation is quantitatively explained by calculation of photon pathlengths in clouds which can be enhanced by factors of 10 and more compared to cloudless sky. Under such circumstances, otherwise reliable methods for the determination of total ozone and cloud optical depth fail completely. Another important consequence is that possible changes in total ozone and cloudiness should not be considered separately in relation to their effect on the ground level UV irradiance.
Materials and Methods

Measurement System
All measurements were carried out on the roof platform of the Fraunhofer Institute for Atmospheric Environmental Research (IFU) in Garmisch-Partenkirchen, Germany (47.48øN, 11.07øE, and 730 m above sea level).
The system for measuring spectral UV irradiance comprises a Bentham double monochromator DTM 300 with a photomultiplier as detector. Spectra of global irradiance are taken with a quartz cosine diffuser, and direct spectral irradiance is measured with narrow fieldof-view entrance optics automatically aligned to the Sun. Both optics are coupled to the entrance slit of the monochromator with quartz fiber bundles. The deviations of the angular response of the diffuser from the ideal cosine law are corrected using an algorithm by $eckmeyer and Bernhard [1993] . To avoid errors arising from noise and variations in the photomultiplier dark current, an optical chopper is used in conjunction with a lock-in technique. The whole system is maintained 
where E is the transmitted irradiance and 0 is the angle between the direction of incidence and the surface normal.
Equation (2) only considers the attenuation of direct irradiance. Propagation of the scattered or dif-
Here g is the asymmetry factor, where g = 0 describes isotropic scattering, 0 < g < I is biased in the forward direction, and -1 < g < 0 is biased in the backward direction. Figure 2 shows the minute-by-minute measurements of the illuminance meter for this particular day. In the morning the sky was fairly clear with scattered clouds before noon. After noon, two cloud cases are clearly discernable, with the second one being a thunderstorm, where the illuminance dropped to only a few percent of its cloudless sky value. The effect of the thunderstorm on the spectral UV irradiance is shown in Figure 3 . Although the Sun was approximately 24 ø degrees higher on the sky for the thunderstorm spectrum (case 2) than for the cloudless sky spectrum (case 1), the irradiance recorded during the thunderstorm is roughly 2 orders of magnitude smaller than the cloudless sky irradiance.
In order to quantitatively investigate the attenuation, the thunderstorm spectrum (case 2) was compared with a cloudless sky spectrum recorded at a comparable solar zenith angle (SZA) and comparable total ozone, see ozone absorption occurs, the reduction is stronger and increasing with decreasing wavelength. As the recording time of either spectrum is about 10 min, rapidly changing cloud conditions could create artificial wavelength dependent effects. However, this can be excluded for the presented cases, since the illuminance was stable within q-5% (q-la) for. the whole time of the scan, indicating that the strong spectral variation in the thunderstorm/clear ratio is not caused by changing cloud conditions.
Total Ozone and Cloud Optical Depth
The interpretation of measured spectra by model calculations requires knowledge of the atmospheric parameters, of which total ozone and cloud optical depth are the most important ones. Determination of to- Table I allowed the simulation of all measured spectra to within 4-10% (see Figure 6a ). It should be noted that the cloud had certainly a more complicated structure and that the chosen parameters are somewhat arbitrary. Nevertheless, it can be concluded that the measured spectrum The cloud optical properties were calculated from the estimated cloud height, effective droplet radius, and the liquid water content, using the parameterization of Hu and $tamnes [1993] . The cloud optical depth was adjusted to give the best agreement between model and measurements. For all simulations, the aerosol optical depth was calculated from the fi. ngstrSm formula with a --1.147 and b -0.20. The aerosol single-scattering albedo was set to 0.95, and the asymmetry factor was 0.7. can be quantitatively described using a reasonable guess of the atmospheric conditions based on the available observations.
In order to demonstrate the interaction between cloud scattering and ozone absorption, the ozone concentration was first set to zero within the vertical extension of the model cloud (1-9 km) and the resulting ozone profile was rescaled to 345 D U (see Figure 6b) . The effect on the cloud-covered .cases, 2 and 3, is striking:
Redistribution of the ozone results in an increase in the irradiance of more than a factor of 10 at 300 nm for the thunderstorm cloud (case 2). Even for the optically much thinner afternoon cloud (case 3) a remarkable increase can be observed. This clearly indicates that absorption by ozone is strongly enhanced in the presence of multiple scattering. It has already been noted that the above set of input data is definitely not the only one that can be used to model the observed thunderstorm spectrum. As an example, we varied the aerosol optical depth and readjusted the other parameters to optimize the agreement between model and measurement. Reducing the aerosol optical depth to 0 has a striking effect on the model atmosphere: In order to reach agreement again, the cloud optical depth had to be increased from 340 to 560, and the ozone amount in the cloud had to be The absorption optical depth of the aerosol is therefore at least 10 times larger than the absorption optical depth of the cloud. Furthermore, aerosol absorption is enhanced owing to multiple scattering. In summary, it can be concluded that the transfer of radiation through the observed cloud is influenced mainly be three parameters: the optical depth of the cloud, the amount of ozone within the cloud, determined by the ozone profile and the vertical position of the cloud, and the absorption optical depth of the aerosol. These three parameters are coupled nonlinearely in their effect on UV irradiance.
A different effect which is also very likely to be caused by multiple scattering inside the cloud is obvious in Figures 4 and 6 . In the region of strong Fraunhofer lines a relative enhancement of the irradiance, compared to adjacent wavelengths, can be observed for spectra mea- 
Comparing this with (7), it can be concluded that effective and average pathlengths equal in the limit of small absorption. This is not self-evident because the definitions of both parameters are completely different. While the effective pathlength is a parameterization of the observed effects, the average pathlength gives a closer view of the physics, being based on the microscopic photon path. In the following we present the results of transmittance and pathlength calculations using the DISORT and the MC models. Figure 7 shows the transmittance of a nonabsorbing layer as a function of its scattering optical depth, calculated for three incidence angles' The results of both models agree within +1% for optical depths between I and 1000 (Figure 7b ). This agreement is remarkable, considering the completely different approaches. The small difference is within the sta-tistical uncertainty of the MC model, which is about +0.6%(+2a) at optical depth 100 and +2% at optical depth 1000, where the transmittance drops to about 10% and 1%, respectively. The transmittance of the layer decreases with increasing incidence angle. 
Pathlength Enhancement for a Real Atmosphere
The results presented in section 4.2 for a single layer with homogeneous optical properties, though being very helpful for the understanding of the underlying processes, are somewhat academic, as the simplified setup does by no means resemble a real atmosphere. Furthermore, the large pathlength enhancements calculated in section 4.2 are effective only within the cloud, and the net effect therefore depends on the fraction of the absorber inside the cloud which in the case of ozone is usually less than 10%. In order to account for these effects, the above DISORT calculations were repeated for six different atmospheric setups, where a homogeneous cloud was placed between I and 9 km, and step-by-step other atmospheric components were added; in particular these were a Rayleigh atmosphere, an ozone profile, an aerosol profile, and a nonzero surface albedo. Unlike the calculations in section 4.2, the test absorber, necessary for the calculation of the pathlength enhancement according to (7), was now not confined to the cloud but distributed over the whole atmosphere by means of a realistic ozone profile instead of adding a constant amount of absorption. In consequence, the calculated pathlength enhancement no longer describes the pathlength enhancement of radiation within the cloud but rather the increase of the optical depth considering the whole atmosphere, which is the relevant parameter when looking at unusually high total ozone derived from global irradiance measurements. In order to avoid confusion, we therefore replace the term "pathlength enhancement" by "optical depth enhancement" in this context, although the mathematical formulation of both When calculating the effect of the optical depth enhancement in a cloudy atmosphere, it has to be considered that the optical depth enhancement in a cloudless atmosphere is also larger than 1, due to the slant path of the radiation and the Rayleigh scattering. The dashed line in Figure 10b 7. The coupling between scattering and absorption is important for the estimation of surface UV irradiation because it introduces strong wavelength dependence into cloud attenuation, which tends to reduce UVB irradiance much more than UVA. In consequence, changes in total ozone and changes in cloudiness are coupled nonlinearly in their influence on surface UV irradiance. Although enhanced absorption does only occur in presence of thick clouds when the irradiance is low anyway, it could have an influence on trends of ultraviolet irradiance which are expected to be comparatively small numbers.
The UVSPEC radiative transfer model used to simulate the measured spectra and to retrieve the total ozone and cloud optical depth is part of the libRadtran package which is available by anonymous ftp to ftp.geofysikk.uio.no, cd pub/outgoing/arveky. The TUV V3.9 radiative transfer model used for the pathlength enhancement calculations is available by anonymous ftp to acd.ucar.edu, cd/user/sasha.
